Mesenchymal stem cell {#s1}
=====================

Mesenchymal stem cells (MSCs) are the most extensively used stem cells in the field of regenerative medicine. From 2006 to 2012, the MSC-based product FDA IND submissions increased by threefold \[[@BST-46-843C1]\]. A simple search using keywords 'mesenchymal stem cell' or 'mesenchymal stromal cell' in clinicaltrials.gov database uncovers more than 800 clinical trials (<http://www.clinicaltrials.gov/>, accessed on January 2018). The major reasons for their popularity are the widely reported therapeutic efficacy against many diseases in animal models, easy accessibility from many adult tissues such as bone marrow aspirate and medical waste tissues such as umbilical cord, large *ex vivo* expansion capacity and an immune-privileged status that renders MSCs amenable to allogeneic transplantation.

The use of MSCs as therapeutics was initially rationalized on their large *in vitro* differentiation potential to generate many different cell types that could replace lost cells in injured or dead tissues \[[@BST-46-843C2]\]. However, several critical observations in the field have challenged this rationale. It was frequently observed that functional improvement after MSC transplantation does not correlate with engraftment or differentiation of MSCs \[[@BST-46-843C3]--[@BST-46-843C5]\]. For example, in a porcine myocardial infarction study where it was observed that MSC engraftment in the infarct zone was maximal with intracoronary delivery and minimal with intravenous delivery, the relative infarct sizes in the animals were similar and independent of the delivery mode \[[@BST-46-843C6]\]. In addition, functional recovery also appeared to precede differentiation of MSCs. Toma et al. \[[@BST-46-843C7]\] have reported transplanted MSCs differentiated into cardiomyocytes only after 4 days, and Dai et al. \[[@BST-46-843C8]\] observed the transient left venticular function improvement in animals after MSC transplantation disappeared as the transplanted cells start to acquire cardiac markers. Still others observed cardiac improvements in the animals even when they could not detect the presence of transplanted MSCs in the heart \[[@BST-46-843C9]\]. Gnecchi et al. \[[@BST-46-843C10]\] also reported improved ventricular function within 72 h after transplantation long before transplanted MSCs are known to differentiate into cardiomyoctyes. Also, transplanted MSCs could improve cardiac function even if most of the transplanted cells engraft in the lungs \[[@BST-46-843C8],[@BST-46-843C9],[@BST-46-843C11]--[@BST-46-843C13]\]. Together, all these observations and studies contradict the 'engraft-and-differentiate' hypothesis for the efficacy of transplanted MSCs. These divergent observations led increasingly to the proposal that MSCs reduce injury and support tissue repair through their secretion \[[@BST-46-843C14]\]. Indeed, as early as 2004, Kinnaird et al. \[[@BST-46-843C15]\] reported that culture medium conditioned by MSCs improved collateral flow recovery and remodeling, and improved limb function in a mouse model of hindlimb ischemia.

In 2006 \[[@BST-46-843C10]\] and 2008 \[[@BST-46-843C16]\], Gnecchi et al. and our group independently showed that MSC secretion reduced infarct size in a mouse model of acute myocardial infarction in the absence of the MSC itself. These studies confirm the hypothesis that MSC secretion plays an important role in MSC therapeutic effect and further testing of this hypothesis led to the discovery of extracellular vesicles (EVs) as the mediating factor in MSC secretion \[[@BST-46-843C17]\]. In 2009, Camussi\'s group first showed that MSC exerts its therapeutic efficacy through EVs. Specifically, they showed that 80--1000 nm EVs, namely microvesicles, protect against acute tubular injury \[[@BST-46-843C18]\]. In 2010, our group further showed through size fractionation studies that the 50--200 nm EVs known as exosomes were efficacious against myocardial reperfusion injury \[[@BST-46-843C19]\].

Exosomes {#s2}
========

Exosome is the best defined secreted vesicle among the different EV types reported to date, namely microvesicles, microparticles, ectosomes, shedding particles or apoptotic bodies \[[@BST-46-843C20]\]. Physically, they are 40--150 nm in diameter with a bi-lipid membrane that has the same orientation as the plasma membrane. The size of exosomes varies according to the methodology used. In general, sizes estimated by electron microscopy are usually smaller due to dehydration during sample preparation. With methodologies such as dynamic light scattering or nanoparticle tracking analysis where the samples were not dehydrated, the sizes are larger and in the range of 100--200 nm. Like a cell, the exosome membrane is enriched in signaling molecules and surface antigens, and it reportedly contains both proteins and genetic materials but does not contain any organelle such as nucleus or mitochondrion. The defining property that distinguishes exosomes from the other EV types is its endosomal origin.

Exosomes are formed when the membrane of endosome invaginates to produce the multivesicular body (MVB). They are released from the cells when the MVB fuses with the cell membrane \[[@BST-46-843C21]\]. Exosomes have a flotation density of 1.1--1.18 g/ml. Consistent with its endosomal origin, the exosome membrane is enriched in cholesterol, sphingomyelin and ceramide that are typical of lipid rafts \[[@BST-46-843C22],[@BST-46-843C23]\]. Generally, all exosomes share a common set of proteins, namely tetraspanins (CD81, CD63 and CD9), Alix, TSG101, but they also contain specific proteins that reflect the origin and the pathophysiological states of the cell source \[[@BST-46-843C24]\]. According to Exocarta, the 25 proteins most commonly found in exosomes are HSPA8, CD9, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ACTB, CD63, CD81, ANXA2, enolase 1 (ENO1), HSP90AA1, EEF1A1, PKM2, YWHAE, SDCBP, PDCD6IP, ALB, YWHAZ, EEF2, ACTG1, LDHA, HSP90AB1, ALDOA, MSN, ANXA5, phosphoglycerate kinase 1 (PGK1) and CFL1 (<http://exocarta.org/exosome_markers>).

From its early days as 'garbage bags' to dispose of unwanted materials like transferrin receptors during the maturation of reticulocytes to red blood cells \[[@BST-46-843C25]\], the exosome has come a long way and is now highly appreciated as an efficacious vehicle for intercellular communication to modulate recipient cell biology. As nearly all cell types are reported to secrete and take up exosomes, secretion and uptake of exosomes are likely to be conserved cellular functions and thus have universally important functions. Consistent with its role as an intercellular communication vehicle, the exosome reportedly participates in many different biological processes such as adipose tissue regeneration \[[@BST-46-843C26]\], T-cell stimulation \[[@BST-46-843C27]\], myelin membrane biogenesis \[[@BST-46-843C28]\], innate immunity modulation \[[@BST-46-843C29]\], endothelial cell migration \[[@BST-46-843C30]\], neurotransmission \[[@BST-46-843C31]\], tumor growth suppression \[[@BST-46-843C32]\], glioma growth inhibition \[[@BST-46-843C33]\], and egg and sperm fusion \[[@BST-46-843C34]\]. However, the efficacy of exosomes as vehicles for intercellular communication also has the undesirable consequence of being efficacious in disseminating pathological materials such as the propagation of prion diseases \[[@BST-46-843C35]\], HIV \[[@BST-46-843C36]\], hepatitis C virus \[[@BST-46-843C37]\] and cancer \[[@BST-46-843C38],[@BST-46-843C39]\].

Discovery of therapeutic MSC exosome {#s3}
====================================

Therapeutic MSC exosome was first described in 2010 \[[@BST-46-843C19]\]. When a culture medium conditioned by MSCs was fractionated by size exclusion using high-performance liquid chromatography, the conditioned medium was found to contain a fraction of homogenously sized particles with a hydrodynamic radius of 55--65 nm. Under the electron microscope, these particles have a smaller diameter of 40--100 nm, due possibly to dehydration during sample preparation. These particles collectively exhibited distinct exosome features, namely endosomal markers ALIX and TSG101, tetraspanin proteins, CD9 and CD81, RNA, flotation density of 1.1--1.18 g/ml and cholesterol-rich lipid membrane \[[@BST-46-843C19],[@BST-46-843C40]\]. They were efficacious in reducing infarct size in a rodent model of myocardial ischemia/reperfusion (I/R) injury.

MSC exosome as the paracrine mediator of MSC therapeutic potency {#s4}
================================================================

Since the first report, MSC exosome has been reported to be therapeutically efficacious against liver fibrosis \[[@BST-46-843C41]\], retinal laser injury \[[@BST-46-843C42]\], limb ischemic injury \[[@BST-46-843C43]\], diabetes-induced cognitive impairment \[[@BST-46-843C44]\] and inflammation-induced preterm brain injury \[[@BST-46-843C45]\]. MSC exosomes were also reported to be efficacious in enhancing neurovascular plasticity after stroke \[[@BST-46-843C46]\], dormancy in metastatic breast cancer cells \[[@BST-46-843C47]\], hepatic regeneration in drug-induced liver injury \[[@BST-46-843C48]\], skeletal muscle regeneration \[[@BST-46-843C49]\], cutaneous wound healing \[[@BST-46-843C50]\], fracture healing \[[@BST-46-843C51]\] and cartilage regeneration \[[@BST-46-843C52]--[@BST-46-843C54]\]. This range of exosome activities mirrors the reported wide-ranging therapeutic efficacy of MSCs, suggesting that the therapeutic efficacy of the MSC is largely underpinned by its exosomes.

MSC exosome as a 'cell-free' therapeutic {#s5}
========================================

The discovery that exosomes mediate the wide-ranging therapeutic efficacy of MSCs eliminates many challenges associated with the use of living replicative cells as it radically transforms a living cell-based MSC therapy to a non-living MSC therapeutic. While MSC therapies are generally considered safe as documented in several studies \[[@BST-46-843C55]--[@BST-46-843C57]\], the use of relatively large living MSCs carries inherent risks such as occlusion in microvasculature \[[@BST-46-843C58]\], transformation of transplanted cells into inappropriate cell types or cancer \[[@BST-46-843C59]\] and pro-arrhythmic side effects \[[@BST-46-843C60]--[@BST-46-843C62]\]. The capacity of MSCs to differentiate into chondrocytes and osteocytes also raised long-term safety concerns regarding ectopic ossification and/or calcification in tissues as reported in some animal studies \[[@BST-46-843C63]\]. Transplantation of living replicative cells is also risky as the grafted cells cannot be removed in events of adverse response or upon disease resolution. Operationally, the manufacture of cell-based MSC therapeutics also poses significant challenges as cell viability, potency and transformation are difficult to monitor and maintain in the manufacturing process, storage and delivery to the patient.

In contrast with large living cells, nanosized, non-living exosomes would not occlude microvasculature, transform into inappropriate cell types or persist as permanent grafts upon cessation of therapy. Exosome manufacture is also scalable and more amenable to process optimization as the producer cell source could be clonally selected, derived and immortalized to ensure standardized and reproducible production of exosomes \[[@BST-46-843C64]\]. All in all, MSC exosome-based therapeutic could potentially be a safer, cheaper and more effective treatment modality than cell-based MSC therapeutics.

Definition of MSC exosome {#s6}
=========================

MSC exosomes are currently prepared according to size or density. Such methods cannot differentiate exosomes from other EVs or biological macromolecules such as lipoprotein complexes, protein aggregates and apoptotic bodies. MSC exosome preparation is invariably described as a preparation of 100--200 nm particles with a density of 1.10--1.18 g/ml and collectively carries exosome-associated markers such as the tetraspanin proteins and RNAs. The endosomal biogenesis of MSC exosomes is implied by the presence of endosomal markers, ALIX and TSG101. However, such parameters are descriptive and are not amenable as references for batch comparison. In addition, it has been recently shown that such preparations could be highly heterogenous and could contain three or more distinct EV populations \[[@BST-46-843C65]\].

Each of these three EV populations can be differentiated by their affinity for different membrane lipid-binding ligands, namely cholera toxin B chain (CTB), annexin V (AV) and Shiga toxin B chain (ST), which binds GM1 ganglioside, phosphotidylserine and globotriaosylceramide (or Gb3). As each of these ligands are multivalent, i.e. binding multiple lipid molecules, this ligand--lipid binding is likely to occur only at sites of high local lipid concentration where the lipids are in sufficiently close proximity to enable multivalent binding. These sites would probably represent the sites of biogenesis of the respective EVs. Binding sites for CTB, AV and ST were observed to localize to the plasma membrane and cytoplasm, cytoplasm and nucleus, respectively.

The localization of CTB to the plasma membrane and cytoplasm is consistent with the enrichment of CTB-binding GM1 gangliosides in lipid rafts which are the major site for receptor-mediated endocytosis and biogenesis of endosomes, and consequently, also exosomes. Based on several lines of evidence including pulse-chase studies, we demonstrated that CTB-binding EVs are exosomes, i.e. EVs with an endosomal biogenesis \[[@BST-46-843C66]\]. The AV-binding sites in the cytoplasm have not been identified yet. Because of the multivalency of AV binding, the AV-binding sites are likely to represent sites of high local phosphatidylserine concentration. Unlike the co-localization of CTB-binding sites with CD81, there is little co-localization of AV-binding sites with CD81 or the plasma membrane, suggesting that in healthy cells, the AV-binding EVs are not exosomes or apoptotic bodies. ST-binding sites are localized primarily in the nucleus, suggesting that the ST-binding EVs originate from the nucleus. The cargo of each of the three EV types is consistent with the subcellular ligand-binding sites. The CTB-binding EVs carry most of the exosome-associated proteins of the MSC exosome preparation. Other than actin which is present in all three EV types, we have not yet identified any proteins that are predominantly associated with AV-binding EVs. Among the three EV types, only the ST-binding EVs carry RNA and fibronectin.

Consequently, most and probably all MSC exosome preparations reported to date are likely to be heterogenous populations of small EVs that also included exosomes. In this manuscript, the term 'MSC exosome' shall refer to EVs of 50--200 nm that are secreted by MSCs.

RNA cargo of MSC exosome preparation {#s7}
====================================

MSC exosomes like most exosomes carry an RNA cargo. Unlike several reports on RNA in exosomes, we observed that the RNA in MSC exosomes were relatively short and when visualized on agarose or polyacrylamide gels, most of the RNAs are less than 300 nucleotides (nts) \[[@BST-46-843C40]\]. Unlike other exosomes, 18S or 28S RNAs were not detectable in MSC exosomes \[[@BST-46-843C67],[@BST-46-843C68]\]. RNA in the MSC exosome was susceptible to enzymatic RNase digestion only if the exosome preparation was pre-exposed to an SDS-based lysis buffer, cyclodextrin (a cholesterol chelator) or phospholipase A2. It was reported that only a fraction of the miRNAs identified in MSCs were secreted in MSC exosomes, suggesting that miRNA secretion by MSCs is a regulated process \[[@BST-46-843C40]\]. Significantly, many of the miRNAs were pri- and pre-miRNAs, but not mature miRNAs. However, miRNA independent of its state of processing is not the major RNA species in MSC exosomes.

Deep sequencing, which presently represents the state of the art for non-biased DNA and RNA analysis, revealed MSC exosomal RNA as a highly heterogenous RNA population of ∼100 nts \[[@BST-46-843C65]\]. We observed that of a total of 151.13 million reads generated by RNAs in MSC exosomes, only 1.4 million reads or 0.9% were miRNAs. Considering that miRNA constitutes ∼0.01% of total cellular RNA by weight \[[@BST-46-843C69]\], the miRNA content in MSC exosome preparation was enriched 10 times. The majority of the RNAs in the exosomes mapped to ribosomal RNAs, Y RNA, snoRNA, protein-coding RNA, snRNA and processed transcripts. As the average RNA length in exosomes is ∼100 nts, most of the exosome RNAs, except the miRNAs, are essentially fragments of the RNAs to which they are mapped, and are not likely to elicit any biological functions. Baglio et al. \[[@BST-46-843C70]\] also observed in their deep sequencing of MSC exosome RNA that miRNAs constituted 2--5% of the RNA and the majority of which are tRNAs. Of the miRNAs detected through RNA sequencing, both groups independently identified 111 miRNAs \[[@BST-46-843C65],[@BST-46-843C70]\].

The RNA cargo of exosome has generated much research interest because it was reported that exosomes carry mRNA and microRNA that could be delivered to other cells where the RNA elicits biological responses from the recipient cells \[[@BST-46-843C68],[@BST-46-843C71]\]. However, subsequent analysis revealed that RNAs in most exosomes are short and are in the range of 200--400 nts \[[@BST-46-843C40],[@BST-46-843C72]--[@BST-46-843C76]\]. As the average human mRNA is ∼2314 nts \[[@BST-46-843C77]\], RNA in exosomes are generally too short to carry protein-coding information. As such, the therapeutic effects of MSC exosomes have been increasingly attributed to the intercellular transfer of miRNA. It should be noted that MSCs are known to also transfer miRNAs to other cells via the gap junction-mediated import, which was reportedly more efficient \[[@BST-46-843C78]\].

As miRNAs are biologically functional only when associated with RNA-induced silencing complex (RISCs), and only pre-miRNA could be loaded onto RISCs, miRNA-induced biological effects of MSC exosomes would have to be mediated by either pre-miRNA or RISC-loaded mature miRNA \[[@BST-46-843C79]\]. Hence, it is imperative to specify if the exosome-associated miRNA of interest is a pri-, pre- or mature miRNA. If the miRNA of interest is a mature miRNA, it should be determined if the miRNA was associated with an RISC. A search of the Exocarta and Vesiclepedia (accessed 17 January 2018) revealed that Dicer and Argonaute are not frequently detected in exosomes or EVs. For example, of the 41 860 protein entries in Exocarta, there were only six entries of Argonaute protein and none for Dicer protein. Similarly, of the 92 897 protein entries in Vesiclepedia, there were two for Dicer and none for Argonaute. Interestingly, none of the eight entries were in MSC exosomes or EVs. This was consistent with an earlier report that Dicer and Ago2 were not detectable in MSC exosomes \[[@BST-46-843C40]\]. It has also been reported that the majority of circulation miRNAs are non-vesicle-associated ribonucleoprotein complexes \[[@BST-46-843C80]\], raising a possibility that some of the EV-associated miRNAs may be non-vesicle-associated ribonucleoprotein complexes that are co-purifying with exosomes and small EVs. Together, these observations demonstrate that exosomes or EVs do not carry intact RISCs.

miRNA as mediators of MSC exosome therapeutic efficacy {#s8}
======================================================

The wide repertoire of miRNAs in MSC exosomes could conceivably provide an miRNA-based mechanism for the wide-ranging therapeutic effects of MSC secretion. The intercellular transfer of miRNA via exosomes resulting in functional activity in recipient cells was first observed in Epstein\--Barr virus-infected cells where viral miRNAs were transferred to uninfected recipient cells \[[@BST-46-843C32]\] and also between COS-7 cells and metastatic prostate cancer cells \[[@BST-46-843C73]\]. MSC exosome miRNAs have been implicated in many MSC exosome-mediated cellular activities such as angiogenesis and anti-angiogenesis, immunomodulation, anti-apoptosis and anti-fibrosis as reviewed by Katsuda and Ochiya \[[@BST-46-843C81]\]. For instance, MSC exosomes reportedly transfer miRNAs such as miR-125a and miR-30b to promote tube formation of human umbilical vein endothelial cells through suppression of the angiogenic inhibitor delta-like 4 (DLL4) \[[@BST-46-843C82],[@BST-46-843C83]\]. Interestingly, MSC exosomes also contain anti-angiogenic miRNAs such as miR-16 \[[@BST-46-843C84]\] and miR-100 \[[@BST-46-843C85]\] that suppress angiogenesis by targeting vascular endothelial growth factor (VEGF) in breast cancer cells within a tumor microenvironment. Exosomal miR-181c in human umbilical cord MSC exosomes was found to attenuate burn-induced inflammation by suppressing the Toll-like receptor-4 signaling pathway \[[@BST-46-843C86]\], and in MSCs pretreated with interleukin-1β, exosomal miR-146a was found up-regulated and enhanced macrophage polarization to M2 macrophages that in turn attenuated inflammation and improved survival in septic mice \[[@BST-46-843C87]\]. In other studies, exosomal miRNAs including miR-19a \[[@BST-46-843C87]\] and miR-233 \[[@BST-46-843C88]\] were identified to contribute to anti-apoptotic effects of MSC exosomes in cardioprotection against hypoxia-induced myocardial I/R injury and surgically induced sepsis, respectively. Exosomal miRNAs also contribute to anti-fibrotic effects of MSC exosomes, and overexpression of miRNA-181-5p \[[@BST-46-843C89]\] and miR-122 \[[@BST-46-843C90]\] was recently found to enhance the therapeutic efficacy of MSC exosomes in CCl4-induced liver fibrosis. Similarly, umbilical cord MSC exosomes were found to reduce scar formation during wound healing of skin defects in mouse, and this was attributed to roles of exosomal miRNAs (miR-21, miR-23a, miR-125b and miR-145) in suppressing myofibroblast formation by inhibiting TGF-β2/Smad2 signaling \[[@BST-46-843C91]\].

Assessing miRNA-mediated mechanism of action {#s9}
============================================

To determine if exosome miRNA plays a role in mediating the therapeutic efficacy of MSC exosomes, a necessary prerequisite is the presence of a biologically relevant concentration of the miRNA. To date, we have not found a report on RNA yield of MSC exosomes. In our hands, 100 µg of MSC exosome protein or 1--3 × 10^10^ particles yield ∼7 µg of RNA (unpublished data). This is higher than the reported yield of 2--10 ng of RNA from exosomes derived from 4 ml of serum where 1 ml of serum was determined to have 1--3 × 10^12^ exosomes per ml \[[@BST-46-843C92]\]. The authors also estimated that theoretically, each exosome of 30--150 nm can accommodate ∼70--25 000, 100 nt RNA or 50 kDa protein molecules. However, based on their experiments, they estimated that an average serum-derived exosome has one or less RNA molecule. As such, our yield of 7 µg of RNA per 100 µg of MSC (∼10^10^ particles) exosome protein is relatively high.

Based on RNA sequencing that is discussed earlier, ∼0.9% of the total RNA in MSC exosome was miRNA \[[@BST-46-843C65]\]. Therefore, the amount of miRNA per 100 µg of MSC exosomes would be 0.06 µg (60 ng). As exosomes or EVs generally do not have RISC components and the miRNAs in MSC exosomes were enriched in precursor form \[[@BST-46-843C40]\], any miRNA effects would have to be exerted through pre-miRNAs. As pre-miRNAs have a median length of 83 nts \[[@BST-46-843C93]\] with an average molecular weight of 26  761, the number of miRNA molecules per 100 µg of MSC exosomes is 0.6 × 10^−9^ × 6.02 × 10^23^ ÷ 26 761 = 1.3 × 10^10^ or 1.3 miRNA per exosome. As more than 100 miRNAs have been detected in the MSC exosome, the probability of an exosome having a specific miRNA is 1 in 100. This distribution of miRNA in exosomes is consistent with that described by Chevillet et al. \[[@BST-46-843C94]\] who estimated that, on average, there was far less than one molecule of a given miRNA per exosome, even for the most abundant miRNAs in exosome preparations. Thus, a cell would have to take up at least 100 exosomes for one given miRNA molecule. As the number of miRNA molecules per cell varies widely from 115 330 copies of miRNAs per cell in mouse liver to 11 587 miRNAs per cell in highly purified CD34+/CD133(−) human hematopoietic progenitor cells (HSCs) \[[@BST-46-843C95]\] and the median copy number for a specific miRNA in CD34+/CD133(−) HSCs is 178 copies per cell, the uptake of one miRNA by a cell is not likely to elicit a cellular response.

We next evaluate the viability of an miRNA-based mechanism of action (MOA) for the MSC exosome by comparing with siRNA, a similar RNA biologic. Intravenous exosome doses in mice range from 1 to 100 µg/mouse, and this would be equivalent to 0.6--60 (7/100 × 0.9% × 1 to 7/100 × 0.9% × 100) ng/mouse. In comparison, the reported therapeutic doses for double-stranded 21 mer siRNA are much higher. For example, sub-retinal doses of VEGF siRNA to inhibit ocular vascularization in mice were 20 pmol \[[@BST-46-843C96]\] which translates to 277.2 ng per retinal. To relieve neuropathic pain, rats were dosed intrathecally at 400 µg/day P2X~3~ siRNA \[[@BST-46-843C97]\] which would be ∼40 µg/day for mice on a weight equivalent dose where a rat is assumed to be 10 times heavier than a mouse. Even when siRNAs were administered using delivery vehicles such as lipid nanoparticles, the doses were 2.0 or 4.0 mg kg^−1^ siRNA \[[@BST-46-843C98]\] or 50--100 µg/25 g mouse. On average, the miRNA in one therapeutic exosome dose is at least 10^3^ lower than an average siRNA dose.

In summary, our analysis here demonstrates that the presence of a specific miRNA is not sufficient to implicate a mechanistic role without due consideration of its concentration, the structure of the miRNA and the availability of accessory proteins such as RISC components.

Protein cargo of MSC exosomes {#s10}
=============================

To date, several groups have reported on the proteome of MSC exosomes \[[@BST-46-843C99]--[@BST-46-843C104]\]. More than a thousand proteins have been identified. Mapping of the proteome to biological processes revealed that MSC exosome proteomes are involved in many key biological processes that are important in cellular communication, cellular structure, inflammation, exosome biogenesis, development, tissue repair and regeneration, and metabolism \[[@BST-46-843C104]\]. Like miRNA in MSC exosomes, proteins in MSC exosomes have the potential to modulate many of the biological processes that are involved in disease pathogenesis or tissue repair and regeneration.

Assessing protein-based MOA {#s11}
===========================

As with miRNA, a minimal requisite for a protein-based MOA is the presence of a biologically relevant level of the protein in a therapeutic dose of the exosome. It is critical that the protein should have sufficient biochemical potency in that therapeutic dose to elicit a relevant biochemical effect. We had previously proposed that MSC exosomes reduced infarct size in a mouse model of myocardial I/R injury \[[@BST-46-843C19],[@BST-46-843C105]\] and oligomycin-treated cells through a protein-mediated mechanism \[[@BST-46-843C101]\].

During I/R injury, heart tissues underwent significant proteomic changes \[[@BST-46-843C106]\]. Specifically, the key rate-limiting enzymes in fatty acid oxidation, glycolysis and tricarboxylic acid (TCA) cycle were greatly depleted, while the pro-apoptotic proteins were substantially increased after ischemia and for up to 120 min after reperfusion. These proteomic changes are consistent with reduced ATP production and increased apoptosis in myocardial I/R injury. The reduced ATP production and increased apoptosis in myocardial I/R injury could be alleviated by MSC exosomes \[[@BST-46-843C107]\]. We had attributed the MSC-mediated alleviation of reduced ATP production to the presence in the MSC exosome of all five enzymes in the ATP-generating stage of glycolysis, namely GAPDH, PGK, phosphoglucomutase (PGM), ENO and pyruvate kinase m2 isoform (PKm2). The enzymatic activity of the two ATP-generating glycolytic enzymes, PGK and PKm2, was determined to be 3.59 × 10^−3^ U and 5.5 × 10^−3^ U/µg of MSC exosome protein, respectively \[[@BST-46-843C108]\] where one unit (U) of enzyme activity is defined as the activity required for the production of 1 µmol of product per minute. Therefore, the two ATP-producing glycolytic enzymes, PGK and PKm2 in 1 µg of MSC exosome protein, would have a combined enzyme activity of 9.1 × 10^−3^ U (3.59 × 10^−3^ U + 5.5 × 10^−3^ U) and could generate 9.1 × 10^−3^ µmol of ATP per minute. As the concentration of ATP in mammalian tissues is estimated to be 2--6 µmol/g tissue \[[@BST-46-843C109]\] and 1 g tissue has ∼10^8^ cells \[[@BST-46-843C110]\], one cell has ∼2--6 × 10^−8^ µmol ATP. Therefore, 1 µg of exosome in 1 min can generate the same amount of ATP as in 1.5--4.6 × 10^5^ cells. Alternatively, it has been estimated that an average human cell consumes 10^9^ ATP per second \[[@BST-46-843C111]\]. As two glycolytic enzymes in 1 µg of MSC exosome could potentially generate 9.1 × 10^−3^ µmol of ATP per minute, 1 µg of MSC exosome would generate 0.15 × 10^−3^ µmol or 0.15 × 10^−3^ × 10^−6^ mol of ATP per second; 1 µg of exosome could meet the ATP consumption requirements of (6.02 × 10^23^ × 0.17 × 10^−9^ ÷ 10^9^) = 1 × 10^5^ cells/s.

miRNA- versus protein-based MOA {#s12}
===============================

In comparing the capacity of MSC exosome miRNAs versus proteins in eliciting biologically relevant activity, it is obvious that biologically important miRNAs are not likely to be present in either the right configuration or concentration. Specifically, mature miRNAs in MSC exosomes are not likely to be in RISCs as the RISC components are not generally present in the exosomes. On the other hand, pre-miRNAs are not present in sufficient quantities in a typical exosome dose to elicit a biologically relevant response. Unlike miRNA, proteins in a typical therapeutic MSC exosome dose have the potential to elicit a biologically relevant response as illustrated by the example of glycolytic enzymes to produce ATP. Therefore, a protein-mediated MOA represented a more likely mode of action for the exosomes. However, it should be noted that the potential to elicit a biologically relevant response is due, in large part, to the catalytic activity of enzymes, and that structural proteins may not elicit a similar biological response.

Conclusions {#s13}
===========

Although both miRNAs and proteins in MSC exosomes have the potential to biologically influence disease- or injury-associated processes, their role in mediating MSC exosome-mediated therapeutic activity has to be considered beyond a presence in the exosomes. Critical considerations as discussed here include the potential of the miRNAs or proteins in a therapeutic dose of exosome to elicit a biologically relevant activity ([Figure 1](#BST-46-843F1){ref-type="fig"}). Based on these considerations, proteins could be the main driver of MSC exosome therapeutic activity. Figure 1.The MOA underpinning the therapeutic efficacy of MSC exosomes could be attributed to their cargo of protein or RNA.As a first requisite to identifying the candidate molecule, the candidate protein or miRNA that has the potential to elicit the therapeutic response in the target cells must be present in the exosomes. Second, the candidate must be in a biologically functional configuration. In the case of protein enzyme, this property could be directly assessed by enzyme activity. For miRNA to be functional, the exosomal miRNA must either be mature miRNAs in RISCs or pre-miRNAs that could be loaded into RISCs. Third, the candidate protein or miRNA in a therapeutic dose must have sufficient functional activity to elicit the biological response of the target cell.
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